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Band-offset non-commutativity of GaAs/AlGaAs interfaces probed by internal photoemission spectroscopy The GaAs/AlGaAs material system is believed to have a band offset without remarkable influence from the interface. We report here probing a slightly higher (5-10 meV) valence-band offset at the GaAs-on-Al 0.57 Ga 0. 43 As interface compared to that of the Al 0.57 Ga 0.43 As-on-GaAs interface, by using internal photoemission spectroscopy. This indicates the non-commutativity of band offset for GaAs/AlGaAs, i.e., the dependence on the order of the growth of the layers. This result is consistently confirmed by observations at various experimental conditions including different applied biases and temperatures. The GaAs/Al x Ga 1Àx As heterojunction is one of the material systems that have received intensive attention over the years. 1 In general, the offset between the energy bands of lattice-matched GaAs and Al x Ga 1Àx As is considered to be predictable according to the bulk properties of constituents GaAs and Al x Ga 1Àx As, 2 on the basis of the principle, e.g., the Anderson's rule. 3 A common practice is to use the model-solid theory, 4 where energy band parameters of individual materials are set in an absolute energy scale. This means the commutativity and transitivity of band offset; 5 that is, the offset is independent of the order of growth (commutativity) 6 and growth direction, 7 and offset values are self-consistent among different material systems (transitivity). 5 However, contradiction was found in a few experiments as to the commutativity, in which non-equal valenceband offsets (VBO s) were confirmed, showing a dependence on the order of growth. 8, 9 A re-evaluation of this property will be a necessity, since, as a mature material system, the GaAs/Al x Ga 1Àx As heterojunction has been widely used in various optoelectronic and electronic devices. The band offset is critically determinative for their characteristics.
For a device consisting of symmetrical configuration of semiconductor layers, the transport properties (e.g., currentvoltage characteristic) are expected to be symmetrical if the band offset is commutative. However, this contrasts with experiments on the nominally symmetrical GaAs/AlGaAs samples which exhibit non-symmetrical transport of carriers 9 and photovoltaic (PV) operation at zero applied bias. 10 The later is advantageous in favoring the performance of PV detectors owing to negligible dark current and thus minimized device noise. This non-symmetrical behavior was explained by (i) the inequivalence of barriers above and below the detector absorber, 11 (ii) dopant segregation, 10 and (iii) the inequivalence of the GaAs/AlGaAs interfaces according to the growth order due to the incorporation of interfacial defects. 9 In this letter, the dependence of the band offset on the GaAs/AlGaAs interfaces is reinspected using internalphotoemission (IPE) spectroscopy. 12 The non-commutativity of VBO is identified, with a slightly higher (5-10 meV) VBO at the GaAs-on-Al 0.57 Ga 0.43 As interface compared to that of the Al 0.57 Ga 0.43 As-on-GaAs interface. IPE is an attractive method for studying the properties of materials and optical processes occurring at the interface of two materials.
12-15 IPE demonstrated advantages in characterizing new material systems including graphene and oxide-based structures, 14, 15 and it has also been adapted to characterize type-II InAs/GaSb superlattice photodetectors, confirming its unipolar operation, 16 and the n-type Hg 1Àx Cd x Te/Hg 1Ày Cd y Te heterojunction. 17 A single-period p-type GaAs/Al 0.57 Ga 0.43 As grown by a commercial manufacturer, IQE, is used in this study. A schematic of the structure is plotted in Fig. 1 , consisting of three p-type GaAs regions, i.e., a top contact, a absorber (referred to as emitter), and a bottom contact. All of them are carbon doped to 1 Â 10 19 cm
À3
. The carbon doping has proven to have a good control in its spatial profile; for example, the delta doping control in the atomic scale has been observed by using scanning-tunneling microscopy. 18 As such, dopant segregation is believed to be a trivial effect in our case. Also our IPE analysis does not show contradictory results which can be relevant to the dopant segregation.
The IPE refers to such a case where carriers are photoexcited and transmit from one material to another by passing through an interface. IPE is thus ideal for studying the interface properties. Upon photoexcitation in p-type GaAs layers, photoexcited holes move towards the GaAs-on-AlGaAs (or AlGaAs-on-GaAs) interface when a forward (reverse) bias is applied (see Fig. 1 ). This allow for the characterization of the band offset of the corresponding interface through IPE fitting. 12, 16, 17 The sample was processed by wet etching to produce square mesas, which was followed by evaporation of Ti/Pt/Au ohmic contacts onto the top and bottom p-type GaAs contact layers. A top ring contact with a window opened in the center was fabricated to allow front-side illumination. The experiments were carried out on 400
The IPE spectra are denoted by the quantum yield, Y, defined as the number of collected photocarriers per incident photon, which is proportional to the multiplication of spectral responsivity and photon energy. 12 Typical yield spectra are shown in Fig. 2 (a) for 5.3 K, along with the spectra in the full spectral range shown in the inset. The primary contributions to the yield in p-type materials are due to hole transitions from the heavy-hole band to heavy-hole band and from the heavy-hole band to spin-orbit split-off band, which correspond to two IPE peaks at 0.2-0.35 eV and 0.35-0.65 eV, respectively. The low-energy cut-off (near-threshold regime) is due to the photoexcitation of photo-carriers in the p-type emitter, and their escape over the barrier, which are associated with the process across the VBO between the valence bands of the p-type GaAs and the AlGaAs barrier. The IPE process can be formulated in accordance with the processes of occurrence, allowing for fitting parameters with respect to the interface, using the method as described in Ref. 12 .
The IPE fitting results for spectra under negative biases are shown in Fig. 2(b) , which are in agreement with the near-threshold regimes. With the same fitting procedure applied to the spectra obtained at different biases and temperatures, the electric-field dependent thresholds at 5.3 K, 50 K, and 80 K are shown in Figs. 3(a), 3(b), and 3(c) , respectively. The field-dependent behavior consists of three regions: I, II, and III as shown in Fig. 3 . As the responding of the doped heterojunction to light relies on a photoemission mechanism, 12 the photoexcited holes from the emitter are in general able to emit towards both sides of the barriers. The ratio of the photoemission probability in one direction over another is strongly dependent on the difference between the heights of the barriers below and above the emitter, which in turn depends on the applied bias. For this reason, the response spectrum varies largely with the bias in the lowfield region (I), associated with the photocurrent cancellation effect. 19 At higher electric field, IPE in one direction dominates over the another. The IPE threshold is associated with the barrier height, and thus its variation is subject to the image-force caused barrier lowering 12 and the tunneling The electric field range is divided into three regions. The photocurrent cancellation occurs in region I typically causing a zeroresponse point. 19 The image-force caused barrier lowering dominates the region II, corresponding to the linear variation of threshold energy versus (electric field) 1=2 . In the higher field region III, the hole tunneling through the barrier has the major influence on the threshold. effect. As shown in Fig. 3 , a linear variation of the IPE threshold versus (electric field)
1=2 is found in the moderate electric-field region II, which is an indication of the dominant image-force caused lowering. Accordingly, a difference of the yield spectra between the forward and reverse biases can be identified, as shown in Fig. 2 . In the even higher-field region III, hole tunneling dominates and has the remarkable influence on the threshold, which eliminates the difference in IPE thresholds at forward and reverse biases. To determine the thresholds, the data in the moderate field region where the threshold reduction can be explained by the image-force barrier lowing 12 should be used. This allows us to further correct the barrier lowering effect by extrapolating the threshold energy at 0 V, which is only associated with the GaAs/AlGaAs interface.
The threshold difference between the forward and reverse biases can be seen in the representative yield spectra at 0.08 V and 0.2 V, as shown in Fig. 2(a) . Although the bottom contact is much thicker than the top contact, the contribution of absorption to the yield from top and bottom contact is nearly the same in according to the nearly overlapped yield spectra under forward and reverse biases of 0.4 V. This eliminates the effects due to layer absorption on probing a small threshold difference, which is thus considered as a cause due to the unequal GaAs-on-Al 0.57 Ga 0.43 As and Al 0.57 Ga 0.43 As-on-GaAs interfaces. To determine the difference quantitatively, the image-force caused barrier lowering is excluded by determining the threshold at 0 V, as shown in Fig. 4 . This gives the threshold of the GaAs-onAl 0.57 Ga 0.43 As interface 5-10 meV higher than that of the Al 0.57 Ga 0.43 As-on-GaAs interface. Although Yu et al. 6 concluded the commutativity of the GaAs/AlAs band offset, their results have an uncertainty of 70 meV, which is about an order of magnitude compared to our IPE results. Our conclusion regarding the greater band offset at the GaAs-onAl 0.57 Ga 0.43 As interface is consistent with the previous reports by Tsai et al. 9 on I-V characterization. They explained the results as being due to the incorporation of oxygen at the GaAs-on-AlGaAs interface.
To conclude, IPE studies on a single-emitter GaAs/ Al 0.57 Ga 0.43 As structure are reported. Analysis shows a slight difference between the GaAs-on-Al 0.57 Ga 0.43 As and Al 0.57 Ga 0.43 As-on-GaAs interfaces, indicating the noncommutativity of GaAs/AlGaAs band offset. The resultant asymmetry favors applications such as photovoltaic operation at zero applied bias. For example, it can be used in a graded-barrier photovoltaic detector as demonstrated recently, 19 to further improve the photovoltaic response. 
